and N-chlorosuccinimide (NCS) are probably the most important organic compounds used as sources of strong oxidants of Br + and Cl -, finding a variety of applications in chemical synthesis and analysis.
methods.
In recent years, extremely sensitive analytical techniques based on chemiluminescence (CL) and bioluminescence systems have received considerable attention. Simplicity of detection, low detection limit, large calibration ranges and short analysis times are some of the characteristics that make the methods attractive.
In the present work, we studied the CL reaction of luminol with NBS and NCS as oxidizing agents in an alkaline medium. Based on these CL systems, a rapid, simple and sensitive method is proposed for the determination of NBS and NCS in <µmol l -1 .
Experimental
Reagents NBS and NCS solutions (5 × 10 -2 M) were prepared daily by dissolving 2.225 g of NBS (Merck) and 1.703 g of NCS (Merck) in water, and diluting to 250 ml with water. A luminol solution (1 × 10 -2 M) was prepared by dissolving 0.177 g of luminol (Merck) in minimal amount of NaOH, and diluting to 100 ml with water. A potassium iodide solution (1 × 10 -2 M) was prepared by dissolving 0.166 g of KI (Merck) in water, and diluting to 100 ml with water.
Instruments
A schematic diagram of the flow-injection CL analyzer is shown in Fig. 1 . A 12-channel peristaltic pump (Desaga PLG) was equipped with silicon rubber tubes (1 mm i.d.). A Rheodyne sample injector (Model 7125), a photomultiplier tube (PMT) (RCA 931 VA) and a glass spiral flow cell (2 mm i.d., 600 µl internal volume) positioned in front of a mirror in a sealed housing were used for obtaining CL signals. The signals from the PMT (RCA 931 VA) were sent to a computing integrator (Philips PU 4815) and then to an IBM-compatible computer (Model 486 DX4) using an RS-232 port.
General procedure
The FIA configuration used is outlined in Fig. 1 . Solutions of 5 × 10 -3 M luminol and H2O (carrier stream) and 1 × 10 -1 M NaOH were each pumped at 3.5 ml min -1 . The samples (solutions with different concentrations of NBS or NCS and 2 × 10 -3 M potassium iodide) were introduced with the aid of an injection valve with a 600-µl loop. A carrier stream containing the injected oxidant (NBS or NCS) and an NaOH solution (1 × 10 -1 M) were mixed just before the cell, and then this mixed solution was merged with the luminol solution stream in a spiral flow cell in front of the PMT. The light emitted was detected by a PMT with no wavelength discrimination. The peak height of the signal recorded was measured as a CL signal. The signals from the PMT were sent to a computing integrator and then to a computer.
Results and Discussion
CL reactions that occur by the action of oxidants containing positively charged chlorine and bromine atoms are restricted to hypochlorite, 9 hypobromite, 10 1,3-dibromo-5,5-dimethylhydantion, 11 and NBS. [12] [13] [14] [15] Recently, we reported an observation of CL phenomena accompanied by reactions between both NBS and NCS with luminol and sulfide in an aqueous solution, and proposed applying these CL systems to the determination of cationic surfactants, 16 and sulfide, 17 respectively.
In this work, based on the CL reaction between these oxidants and luminol in an alkaline medium, a method is proposed for the determination of NBS and NCS. The CL spectra recorded using the spiral flow cell and an atomic absorption spectrophotometer (AAS) with a flame emission spectrometer (FES) mode and scanning of the wavelength between 380 to 800 nm. The CL emission spectra of the reactions between NBS and NCS with luminol showed a maximum at 425 nm. The CL spectra are similar to those reported previously for luminol oxidation, and are attributed to the 3-aminophthalate ion. Thus, the reaction belongs to the group of CL redox reactions that generate the 3-aminophthalate ion. The 3-aminophthalate ion is produced in an excited state and has the ability to generate CL. 18 Based on these CL systems, a rapid, simple and sensitive method is proposed for the determination of NBS and NCS.
A series of experiments were conducted to establish the optimum analytical conditions for the CL oxidation of luminol by NBS and NCS.
The effect of the NaOH concentration on the CL intensity was investigated. The CL was observed only in an alkaline medium. The oxidation of 5 × 10 -3 M luminol by 1.0 × 10 -5 M NBS and NCS gave the maximum CL intensity at 1 × 10 -1 M NaOH. A further increase in the NaOH concentration caused a decrease in the emission intensity. Thus, this concentration was chosen as the optimum concentration of both CL systems.
A CL intensity of 1.0 × 10 -5 M oxidant (NBS and NCS) with various concentrations of luminol was investigated. The CL was found to increase with increasing the concentration of luminol in the range of 1 × 10 -5 -5 × 10 -3 M and to remain constant at higher concentrations. Thus, 5 × 10 -3 M was chosen as the optimum concentration of luminol for the determination of NBS and NCS.
In aqueous solutions, the nature of the oxidizing agent is determined by the hydrolysis of NBS and NCS. The reactivity of these compounds depends on their hydrolysis constants and equilibrium concentrations of HBrO and HClO. 1, 8, 19 The low stability of NBS and NCS clearly is explained by the hydrolysis and further decomposition of HBrO and HClO in dilute solutions. Preliminary experiments showed that the activity of dilute solutions of both oxidants in the chemiluminescent reactions changes with time. The time-dependency of the reactivity of both NBS and NCS with luminol was studied (Fig.   2 ). Since, low concentrations of NBS and NCS decompose immediately after preparation (in neutral and alkaline medium, in particular), 1, 19, 20 the activity time-dependency of these oxidants was examined in a low acidic medium (e.g. pH 6). For stabilizing the activity of the aqueous solutions of both NBS and NCS, potassium iodide has been used. 11 The dependence of the CL emission intensity on the NBS and NCS concentrations in the presence of I -are also shown in Fig. 2 . This figure shows that in the presence of I -, the NBS and NCS activities do not change for a long time. In a mixture of I -and NBS (or NCS), iodine is formed, which is more stable, even at low concentration. 21 In this case, the CL arises during the oxidation of luminol with iodine.
The CL intensity of 5.0 × 10 -7 and 1.0 × 10 -6 M of both NBS and NCS with 5 × 10 -3 M luminol in the presence of various concentrations of iodide was investigated. The CL was found to increase with increasing the concentration of iodide in the range of 1 × 10 -6 -1 × 10 -3 M and remained constant at higher concentrations. Thus, 2 × 10 -3 M was chosen as the optimum concentration of iodide for the determination of NBS and NCS.
The effect of the flow rate on the intensity of both CL systems was studied over the range of 0.3 -4.3 ml min -1 in each stream. The maximum CL was obtained at a flow rate of 3.5 ml min -1 for both systems, at which samples could be analyzed at a rate of about 65 solutions h -1 with a relative error of about 2.8%.
The results showed that higher CL intensities were obtained by increasing the loop volumes up to 600 µl for both CL systems. Thus, in the present CL systems, a 600-µl loop was selected for subsequent investigations.
Interferences from cations and anions were investigated by considering their effects on the CL intensity of both the NBSand NCS-luminol systems. The results, shown in Table 1 , indicate that the method provides good selectivity. Most cations form precipitates in alkaline media, which can be separated before injection. Although no interference was observed for most anions, sulfide, sulfite, thiocyanate and nitrite interfere, since they react with NBS and/or NCS reduce their concentration. Ammonium ion also reacts with these oxidants and reduces their concentration. However, these interferening anions and ammonium ion, if present in real sample solutions, are already reacting with NBS and/or NCS and what is measured is the excess concentration of NBS or NCS present in the samples. Under the optimum conditions described above, the calibration graphs of the relative CL intensity versus the concentration of the oxidant (M) was linear over the range of 8 0.998; n = 6) for the NCS-luminol CL system. The detection limits 22 were 5 × 10 -8 and 9 × 10 -8 M for the NBS and NCS, respectively. The repeatability was measured with standard solutions. The relative standard deviations for 7 measurements of 5 × 10 -7 and 5 × 10 -5 M oxidizing agents were 1.7 and 2.1% for NBS-luminol CL system and 1.9 and 2.2% for NCS-luminol CL system, respectively.
Halogens are known to react with luminol in basic aqueous solutions to produce CL. Under the reaction conditions for the determination of these oxidants by CL, the formation of an azaquinone compound is to be expected. The azaquinone then reacts either with oxygen or OX -(X = Br, Cl, I) to generate CL. 23, 24 The possible CL reaction mechanism may be attributed to the following reactions:
In the presence of iodide, NBS and NCS oxidize iodide to iodine, and in this case iodine reacts with luminol. 24 To evaluate the analytical applicability of the method, the recommended procedure was applied to the determination of NBS and NCS after the addition to tap and well water samples. The results (Table 2) show that the method is suitable for the analysis of both NBS and NCS in water samples containing these oxidants.
This work shows that the FIA-CL technique can be successfully used for the determination of NBS and NCS. The proposed method in comparison with already known methods is very simple, rapid, sensitive and sufficiently accurate and precise. The results are reproducible and show that the method can be applied to the sensitive determination of these oxidants in aqueous solutions. ANALYTICAL SCIENCES JULY 2002, VOL. 18 
